In this study, a 498-bp dhfrXII gene coding for trimethoprim resistance was found inserted in a cassette-like manner in the recombinationally active locus, the integron, borne on a transposon Tn21-like element. The dhfrXII cassette is distinct from those cassettes earlier observed in integrons and was found here upstream (10, 21, 31, 32, 51 
Trimethoprim (TMP) is an antibiotic that inhibits bacterial dihydrofolate reductase (DHFR) enzyme activity by competitively binding to the substrate binding site. Shortly after the introduction of TMP to clinical use, new plasmidmediated DHFRs with a TMP-insensitive target site appeared among enterobacteria (1, 13, 47) . A number of different plasmid-encoded DHFRs, mediating moderate-to high-level resistance to TMP, have been characterized during the last decade (26) . With the exception of the DHFRs categorized as type II, all plasmid-mediated DHFRs share some degree of similarity with the chromosomal, TMPsensitive DHFR from Escherichia coli (17, 29, 38, 48) .
DHFRs of types I, V, VI, and VII form a group of resistance enzymes with 61 to 75% amino acid sequence similarity (18, 45, 52, 55, 62) . Type II DHFRs form another supergroup of DHFRs even more homologous with one another but with a structure distinct from that of any other known DHFR (7, 14, 50, 57) .
The widespread dhfrI gene is commonly found on transposon Tn7 (5, 18, 45) . Two additional antibiotic resistance genes have been found 3' of dhfrI in Tn7. These include sat coding for resistance to streptothricin (51) and aadAl coding for resistance to streptomycin-spectinomycin (16) . All three resistance genes in Tn7 occur on mobile genetic units defined as cassettes (52) (53) (54) . The cassettes are GTTPuPu-flanked elements which consist of a gene and a stem-loop structure near the 3' end (9, 21, 52, 59) . Two of the consecutively inserted cassettes in Tn7 have also been found in a second defined location outside Tn7, surrounded by conserved sequences and inserted in a precise site: the dhfrI cassette in pLMO150, the aadAl gene in Tn2l, and both the dhfrI and aadAl cassettes in pLMO229 (52, 54) . The conserved region 5 ' of the specific insertion site encodes an integrase protein (3, 22, 32, 36, 37, 52) which was later demonstrated to mediate the uptake of new cassettes (10, 21, 31, 32, 51) . Recently, the term integron (49) has been adopted to desig-* Corresponding author. nate the genetic element harboring the integrase gene and the integration site (9, 36, 37, 52) . Tn7 correspondingly carries a related integrase gene which, however, is supposed to be silent because of a nonsense mutation (41) .
The mobile integron elements have been shown to carry many combinations of different genes for antibiotic resistance and, therefore, by their flexibility apparently to contribute to the dissemination of multiresistance (9, 36, 52) . Two groups of interrelated TMP resistance genes are borne on cassettes inserted in integrons. The first of these groups includes the dhfrI, dhfrV, and dhfriVII genes and the second includes dhfrII genes (55) . The mercuric resistance transposon Tn2l (19) represents one of several known locations of the integron which in Tn21 contains the aadAl cassette carrying the gene for adenylyltransferase (8) . The (25) .
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The E. coli C600 strain (4) was used as a recipient in the transformations. Plasmids pBR322 (6) and pUC19 (63) were used as cloning vectors.
Resistance determinations. MICs of TMP, co-trimoxazole, spectinomycin, streptomycin, ampicillin, and chloramphenicol were determined by the plate dilution method as described earlier (27) . Resistance to sulfonamides, spectinomycin, and tetracycline was determined by the disk diffusion method (Ab Biodisk, Solna, Sweden). Iso-Sensitest agar containing 10 ,ug of mercuric chloride per ml was used to determine resistance to mercuric acid; for the resistance determination, E. coli JM105 served as a negative control.
Enzyme preparation. To study the concentration of TMP required to inhibit 50% of the enzymatic activity of DHFR, crude extracts were prepared as described by Sundstrom et al. (56) . E. coli C600(pLKO632) (53) containing the dhfrI gene served as a control.
DNA methods. Plasmid DNA isolations, restriction enzyme digestions, and ligations were performed as described earlier (56) . Transformations were carried out by the electroporation method. For sequencing, minipreparations of plasmid DNA were purified as described by Saunders and Burke (44) .
DNA cloning and sequencing. Double-stranded templates of pASH1, pASH2, and pASH4 were subjected to DNA sequencing by using the dideoxy chain termination method (43) Nucleotide sequence accession number. The nucleotide sequence data reported here have been assigned the EMBL GenBank accession number Z21672.
RESULTS
Cloning and sequencing of the determinant for TMP resistance. The urinary tract pathogen E. coli TKS84, which is highly resistant to TMP (MIC, 1,000 ,ug/ml), was shown earlier to be hybridization negative with the probes specific for the dhfrI, dhfrIIa, dhfrIIb, dhfrIIc, dhfrIII, dhfrV, and dhfriVII genes (25) . By agarose gel electrophoresis, TKS84 was shown to contain several plasmids. DNA from TKS84 was transferred to E. coli C600 by electroporation. One of the resulting transformants was shown to be TMP resistant by plating onto TMP-containing agar plates. It contained one plasmid, pEH1, of about 70 kb, the size of which was estimated from the cumulative sizes of restriction fragments. Resistance to sulfonamides, spectinomycin, streptomycin, tetracycline, ampicillin, chloramphenicol, kanamycin, and mercuric chloride was cotransferred together with TMP resistance.
The HindIII fragments of pEH1 were cloned in pBR322 ( Fig. 1) . One clone, pASH1, contained a 3-kb fragment which conferred onto E. coli C600 a somewhat reduced resistance to TMP (MIC, 500 ,ug/ml) compared with the level induced by the parental plasmid (MIC, 1,000 ,ug/ml). Digestion of pASH1 with EcoRI and AvaI and religation resulted in plasmids pASH2 and pASH3, respectively (Fig. 1 ). Transformants of both subclones were TMP sensitive, denoting that the gene for TMP resistance or its promoter coincided with the restriction sites. In addition, the SphI fragments of pEH1 were ligated to pUC19 and one of the resulting clones (pASH4) carried a 4.8-kb fragment which mediated TMP resistance. Restriction mapping of pASH4 indicated a 2.4-kb overlap with pASH1 which was supposed to contain the gene for TMP resistance. Further restriction mapping of pASH1, pASH4, and pEHi indicated additional sites for EcoRI, HindIII, and SphI similar to those in TnSO86 (55) , suggesting that the TMP resistance gene could be located in an integron that furthermore could be part of a Tn21-like element.
The indicated location of the TMP resistance gene and its surroundings were analyzed by nucleotide sequencing. A 498-bp ORF potentially encoding 165 amino acids and overlapping the EcoRI site was identified (Fig. 2) . The start of the ORF was at ATG (positions 581 to 583, Fig. 2 ), and the end was at TAA (positions 1076 to 1078, Fig. 2 ). No other significant ORF overlapped the sites for EcoRI and AvaI. The promoter was found 231 bp upstream of the ATG start codon for this ORF (Fig. 2) (57) . The ATG was not preceded by the expected ribosome-binding sequence. However, this ATG is the most likely start codon, as no alternative start codon that includes the essential parts of the sequence could be found. To ascertain whether it determines TMP resistance in pASH1, this ORF together with its putative promoter was separately cloned in pBR322 by PCR amplification. The amplification primers were located just outside the promoter and the ORF stop codon, and, after cloning into the HindIII site of pBR322, this ORF conferred TMP resistance to a sensitive strain. Independently, an identical sequence for a DHFR gene has recently been published and named dhfrXII by Singh et al. (46) .
The amino acid sequence deduced from the nucleotide sequence of dhfrXII has been compared with those of other known DHFRs (Fig. 3) (46) . With the exception of type II DHFRs, all compared DHFR enzymes could readily be aligned with the translated product of dhfrXII. However, the properties of the enzyme from dhfrXII were shown to be distinct from those of most of the known DHFRs. The concentration of TMP required to inhibit 50% of the enzymatic activity of the type XII DHFR enzyme expressed from E. coli C600(pASH1) was shown to be about 1 mM (0.7 mM). The corresponding value for the type I DHFR extracted from E. coli C600(pLKO632) (53) (2, 39) .
dhfrXII is located on a mobile cassette. The sequence upstream of the DHFR gene in pEH1 consisted of sequences identical to those upstream of the type V DHFR gene in pLMO20 (52) . These identical sequences are integron specific and, moreover, contain the site for the integration of resistance gene cassettes, the promoter for these cassettes, and the start of the integrase gene, int. Further, the corresponding sequences upstream of the DHFR genes in pLMO150 (dhfrI [54] ), R388 (dhfrIIb [57] ), R751 (dhfrIIc [14] ), and TnSO86 (dhfriVII [55] ) and the sequence upstream of the streptomycin resistance gene aadAl in Tn2l (52) (Fig. 4) . Vertical arrows mark the GTT sequence constantly occurring at the beginnings of cassettes. Numbering of nucleotides starts from the SphI site (not included) in the int gene (Fig. 4) (9, 52, 59 ). In the plasmid described here, pEH1, the branch point of identity to other integrons occurred at a GTTA (Fig. 2) (29) , type X DHFR in pDGO100 (DhfrX) (38) , and eucaryotic DHFR (Human) (33) . Amino acids identical to those characterized in type XII DHFR are marked with squares. Gaps are marked by dots. The glutamic acid in type XII DHFR at position 35 in the aligned amino acid sequence is indicated with an arrow.
GTTA on either side and form stem-loops near their 3' ends.
orfD and ofF most probably represent two related but distinct cassettes which, nevertheless, have no known function. Downstream of the orfF cassette, we found the 5' end of still another cassette carrying the gene for spectinomycin resistance that is virtually identical to the aadA42 gene studied earlier (60) . Also, the 3' border of this cassette was studied by nucleotide sequencing. Downstream of the aadA2 cassette the qacEAl gene (40) was found. The qacEAl gene is the truncated form of the multiresistance gene qacE and is found in all integrons carrying the sulI gene for sulfonamide resistance (40) .
The TMP resistance gene in pEH1 is borne on a Tn2l-like element. At the other end of the 3-kb HindIII fragment, a 0.5-kb region was sequenced and showed 100% identity to the res site in Tn2l (28) and to at least 147 bp of the tnpR gene (5' end [12, 28] ) and to at least 126 bp of the tnpM gene (3' end [28] ). Restriction enzyme mapping showed that the organization of the region between the int and tnpR genes in pEH1 was identical to that seen in Tn2l. According to the sequencing data, it seemed obvious that the determinant for TMP resistance characterized here was inserted into a transposon Tn2l-like element. In Tn2l, tnpA (58) is located downstream of the tnpR gene. The region downstream of the HindIII in tnpR was not confirmed by sequencing. Rather, a colony hybridization procedure with the tnpA-specific oligonucleotide was employed for confirmation: positive hybridization with E. coli C600(pEH1) showed the presence of the tnpA gene in pEH1. Tn2l mediates resistance to mercuric ions, a property also expressed by pEH1. Interestingly, the sequence close to the rightmost SphI site of pEH1 (Fig. 4) was found to be identical to a region 3' of merR in plasmid pDU1358 (34a).
Probing for dhfrXII and the cassette area in pEH1 in clinical bacteria. By colony hybridization with an oligonucleotide probe derived from the internal sequence of dhfrXII, the occurrence of the dhfrXII gene in 150 TMP-resistant E. coli (urinary tract pathogen) isolates from inpatients at Turku City Hospital from 1987 to 1988 was studied. By this method, 175 TMP-resistant Shigella strains isolated from 1985 to 1987 and in 1988 in Finland but originating from different parts of the world (24, 25) were also studied. Four E. coli strains and four Shigella strains hybridized with the dhjfrXII probe. All eight isolates which hybridized with the probe specific for dhfrXII were previously shown to be hybridization negative with probes for the dhfrI, dhfrIIa, dhfrIIb, dhfrIIc, dhfrIII, dhfrV, and dhfrVII genes as well as with the probe specific for transposon Tn7 (24, 25) . The Shigella strains included one S. flexneii isolate from an immigrant coming from Vietnam; the three others were S. sonnei originating from Thailand. All the isolates hybridizing with the probe for dhfrXII were resistant to TMP, cotrimoxazole, ampicillin, spectinomycin, and chloramphenicol. With the exception of the S. flexner strain, all these strains grew on antibiotic sensitivity testing plates containing 10 ,ug of mercuric chloride per ml, which could indicate the presence of a Tn21-like transposon. By using PCR and primers specific for the int and the qacEAl genes flanking the inserted cassettes in pEH1, the occurrence of this cassette area in dhfiXII-positive isolates was studied. By PCR, 2.5-kb bands were observed for all strains studied, indicating the presence of this combination of cassettes (dhfrXII, orfF, and aadA2) (Fig. 4) in these strains.
DISCUSSION
The internal part of Tn2l-like transposons, the integron, is a mobile entity that has been shown to harbor most of the known TMP-resistant dhfr genes (8, 49, 41a, 55) . These resistance genes are inserted in a cassette-like manner, flanked by GTITuPu sequences (52) . The excision and insertion of the cassettes are catalyzed by the endogenous integrase protein (31) , and for the recombinations, GTTPuPu serves as a target site (32) . In this article, we present a new variant of DHFR cassettes that was found inserted in a Tn2l-like transposon, reflecting the ubiquitous nature as well as the recombinational activity of this element. The cassette contained the dhfrXII gene (46) , which encodes a TMP-resistant DHFR enzyme. The ORF for dhfrXII starts with ATG, the most commonly used translation initiation codon in procaryotic genes. In this study, the putative promoter for the ORF was found located 231 bp upstream of the start codon, identical to that seen in pLMO20 (52) .
However, no typical Shine-Dalgarno sequence could be detected upstream of the ATG triplet. In the dhfrI and dhfrV genes, GTG instead of ATG serves as the initiation codon (18, 52) , and, in the dhfriVII gene, TTG is used (55 (Fig. 4) . This cassette was also flanked with GTTAs, and, in the 3' end, GTTA preceded by the inverted repeat, in turn preceded by TAAC (positions 1076 to 1079, Fig. 2 spectinomycin and streptomycin (60) . Thus, at least three antibiotic cassettes have been inserted in the integron on pEH1. The region following the cassettes in pEH1 is conserved among integrons and contains two genes, qacEAl (115 amino acids) for resistance to disinfectants (40) and sulI for resistance to sulfonamides (52) . The qacEAl gene is a 3'-truncated form of qacE that occurs in plasmid R751 (40) .
The 5' end of the integrase gene identical to that characterized in pLMO20 or in other integrons can be found upstream of the dhfrXII cassette (37, 52 (34) . However, a noteworthy feature of type XII DHFR is a glutamic acid at the position corresponding to Asp-27 in the E. coli DHFR (Fig. 3) (48) . In addition, the following leucine in E. coli enzyme is replaced by glutamine. These changes have previously been found among the family of highly resistant DHFRs, including types I, V, VI, and VII (18, 45, 52, 55, 61, 62) . On the other hand, at the phenotype level type XII DHFR showed properties distinct from those of these DHFRs. The type XII DHFR enzyme was found to be even more insensitive to inhibition by TMP and in this respect comparable to type II DHFRs or TMP-insensitive eucaryotic DHFRs (7, 14, 50, 57) . The integron containing the dhfrXII cassette was originally isolated in a urinary tract pathogen E. coli, from Turku City Hospital. As pathogens causing urinary tract infections commonly manifest the fecal flora, we wanted to study whether this integron could be found in plasmids of other enteric pathogens. In this study, we found a few Shigella isolates, originating from Asia, that harbored multiresistant plasmids containing this integron. The dhfrXII gene was found in association with the orfE and aadA2 cassettes in all instances studied. Simultaneous with the Shigella isolation, the plasmid of the same size appeared in four E. coli isolates from geriatric patients in Turku City Hospital. Importantly, the patients suffering from Shigella enteritis were also hospitalized there. In a day-care center in the United States, the dhfrXII gene alone was detected by colony hybridization in 21% of TMP-resistant fecal E. coli isolates (46) . Whether, in the long run, this DHFR gene will prove to be significant in the dissemination of TMP resistance in Finland or in other parts of the world remains to be determined.
All the bacterial DHFRs, both those that are intrinsically sensitive to TMP as well as those that are resistant, share a considerable degree of similarity. After the introduction of TMP in the late 1960s, resistant strains harboring additional plasmid-mediated, TMP-resistant DHFRs rapidly appeared. With the exception of type II DHFRs, all these plasmidmediated DHFRs seem to be more or less related to the known bacterial DHFRs. It is an accepted fact that antibiotic resistance produced by mutational and recombinational activities in bacteria commonly follows the introduction of a new antibiotic. The TMP resistance genes found in E. coli seem to be genetically stable and are subject to transfer from one bacterial species to another by conjugative plasmids. Recently, it has been shown that even mycobacteria harbor the plasmid-mediated sulfonamide resistance gene sulI, commonly encountered in enterobacteria on an element resembling the integron of Tn21 (30) . This gives an indication that the precise origin of various TMP resistance genes, borne as cassettes in integrons, could be found in quite remote bacterial genera.
